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Synopsis:Thispaperisconcernedwithprinciplesforatechniqueof
stressvisualization.Thistechniquedependsonthepossibilityofutiliz-
ingtheyieldphenomenaofacarbonsteelstripasrevealedbyastress-
straindiagram.Tobeginwith,thephysicalmeaningoftheyieldpoint
elongationofthe・stress-straindiagramofcarbonsteelisinvestigated.
Thestrainsdisplayedonthehorizontalaxisarethestripedpatternsor
stretcherstrainsthatonecaneasilydiscernbythenakedeye,whilethe
stressdisplayedbytheverticalaxisisthespecificyieldstressasthe
stressisactingonthemateria1.Thestripedpatternsandtheyield
stressaretwoaspectsoftheidenticalphenomenon,andaccordinglythe
twoaspectsmaintainanexactcorrespondence.Anylocationonthetest
stripwhich'isacteduponbyyieldstressisinaplasticstate.Suchaplas-
ticstateisvisibletothenakedeyeintheformofstripedpatterns.
Thus,thestripedpatternsrenderstheyieldstressvisuallyobservable.
Ininstanceslikethisthespecialinstrumentsforthedetectionofplastic
statesarenot・useful;butoneneed.onlypolishthesurfaceofthetest
striptoafinesmoothnessinordertoeasilydetectyieldstresSwiththe
nakedeye.Oneof中emostusefulstressvisualizationtechniques・isシto'
utilizethestripedpatternwhichalways・appearsinconcomitacewith
yieldpointelongation.Asa-concreteexampleofthevisualizationof
yi・ld・tress・・p1・・ti・egi・ni・m・d・vi・ibly・bservab1・by・pPlyipgb・th
atensileloadandtorquetoanotchtip.
Keywords:Notch,Experim'entalstressanalysis,Torsion,Fractureme-
.、chanics,Tensileproperties,.Sensor,Stressmeasurement,・
,Stretcherstrains..・.1.・
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1.Introduction,
Theelucidationoftheinechanicalpropertiesofelastic-plasticzonesatnotchtipsis
animportanttopicinmechanicalenginering.Itwouldbequiteeasytoobtainthereq-
uisiteinforinationaboutelastic-plasticzonesifitwerepossibletomakedirect
observationofthem.Onthisaccountqnysimplemethodformakingdirectobserva-
tionwouldbehighlyappreciated。
Asaresultofpresswork,stripedpatternssometimesappearonthesurfaceofthe
product.Thes『stripedpatternsarecalled"StretcherStrains"or"Luder'sbands.'P
SincetheapPearanceofthesestripedpatternsruinstheexterna1.apPearanceofthe
product,theyaregenerallynotahappilyacceptedphenomenon.Muchresearchhasal-
readybeendoneonthesestretcherstrains,however,almostallofthisresearch.has
been・arri・d・uti・th・i・t・ ・est・fp・ev・nli・gth・apP・a・ance・f・tret・herst・ai…S・
farastheusefulpropertiesofstretcherstrainsareconcerned,therehasbeenonly
oneinstanceofresearch'ontheuseofstretcher .strainsfordetectingdangerous
sections1).
Theappear4nceofstretcherstrainscorrespondstoyieldstress2).Thismechanical
propertyofstretcherstraihssuggeststhatbymeansofstretcherstrainsitshouldbe
possibletodirectlyobServewiththenakedeyewhenaportionofanelasticregion
willtransformintOaplasticregion.Byregardingstretcherstraillsasasensorfor
thevisualizationofyieldstress,thestretcherstrainswillstandasthedirectlyob二
servedresultsofinducinganelastic-plasticzonebyapPlyingtensileloadtogether
withtorquetoa.notchtip.
2.ThePrincipleoftheStressVisualizationTechnique
Whenatensileloadisappliedtoarectangulartensiontestspecimen,thestriped
patternsappearingonthesurfaceoftheteststripmutateinthewayshownin
Figure13).Figure2isthestress-straindiagramforthesemoments.Whentheload
apProachesthevicinityoftheupPeryieldpoint,but-shapedstripedpatternsthatare
visibletothenakedeyeapPearatthgshoulderregionandintheregionparallelto
theborder.Followingtheirinitialappearancethestripedpatternsformasloping
lineandcutacrosstheleftandrightsidesoftheparallelportion;subsequently
theypropagatefacingthecenterandfinallycovertheentireareaoftheparallel
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portion.Figures1(a)through1(c)exhibitthestripedpatternsastheycorrespond
toeachofthesevariousconditions.ThenotationsofFigure1(a)一(c)correspondto
thelocationsAthroughConthestress-straindiagramofFigure2.Duringthe
timethatthestripedpattemsarepropagatingacrosstheparallelportion,thestress
hasafixedvalueofσ元..Atthemomentthatthe .stripedpattemshavecompletely
coveredtheparallelportion,thestretcherstrainsthroughoutthetestspecimenmu-
tateintoorangepeelpatternsasillustratedinFigure1'(d).Whentheloadis
removed,thestripedpatternsretainthepatternreachedatthatmoment,butcease
tospread.ThestriPedpattemsarevisibleonlywhentheyieldphenomenonisinop-
eratlon.
Theintervalbetweenε1andε20nthehorizontalaxisofthestress-straindia－
(a)
(b) (c)
Fig.1Surfacestateoftestspecimen
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gramindicatesstrainintheyieldarea.Plastictransformationtakesplaceinthisin-
terva1・・Th・.・t・ip・dp・ttern・whi・h・pP・a・・n:thesu・face・fth・p・・al1・1P・・ti・na・'
aresUltofthisplastictransforrbationarecalledstretcherStrains.Thevalue6fthe
yield・stressσyrecordedontheverticalaxisvariesspecificallywiththemateria1.
One℃an・ascertainfromIookingattheyieldregioninthe`stress-straindiagramthat
theyieldstress・ σycorrespondstostressandthestretcherstrainscorrespondto
strain.Thestretcherstrainsandtheyield'sfressσ,aretwoaspectSofthesamephe-
nomenon,andthetwovaluesmutuallycorrespondtoeachother.Wheneverstretcher
strainsbecomevisible,yieldstressisoperatingandaplasticzonehascomeintobe-
ing.
Figure3(1),(2)isadiagramfortorque-angulardisplacementas.wellasforthe
stripedpatternsthatappearonthesurfacewhentoT(1ueisappliedtoateststriphav-
ingexactlythesamesizeand .shapeastheteststripinFigure1.Thestriped
patternsinFigure3(1)correspondtothelocationindicatedbythearrowonthe
torque-angulardisplacementdiagraminFigUre3(2).Adifferehcecanbediscernedbe-
tweenthestripedpatternsengenderedfromtorqueandthe'stripedpatternswhich
resultfrom・tensileload.Theexperimentalresults6fFigure3indicatethatthese
stripedpatternscorrespondtoyieldstress.
Fig.3
40
??
?
?
?
?
?
」?
↑
0 2
Angular
(1).
Stripedpatternsbytorqueandtorque・angulardisplacementdiagram
4
displacemento
(2)
6
,.(1)』 一'(2)'
P・ttern・f・・m・ ・mp・essi・・1・ad
..P`七tem・f・ ・mb・ridi・gm・m・nt
Fig.4..Yieldstresspatter血
22
AwwlQuEFx)RSTRESSvlsuAI.lzATIoN
Figure4(1)isarecordingofthestripedpattemswhichappearasareSultofcom-
pressiveload,.whileFigure4(2)4)recordsthestripedpattemswhichappearasa
resultofbendingmoment.FromtherecordingsgiveninFigures1,3,and4,itcan
beseenthatstretcherstrainsbreakoutwhenthestressactingon七hetestspecimenap-
proachesyieldstress;atthismomentitiseasytodiscernfromthestretcher
strainswhetherthestressistensilestress,shearstress,compressivestress,orsome
otherkindofstress.AccordinglytheseSttipedPatternswillhenceforthbereferred
toasYieldStressPatterns5).Yieldstresspatternsbreakoutandpropagatewhen
asaresultofyieldstressaplasticzoneemergeslnthemldstofanelasticreglon.
Astheseyieldstresspatternscan.bediscernedbythenakedeyetheymaybere-
gardedasakindofsepsor.Itispossibletodiscemwhatkindofstressisacting
onthematerialbyobservingthe'formoftheyieldstresspatternsthatappear.Inor-
der七 〇makeuseofyieldstresspatternsforinvestigatingstressitisenoughmerely
topolishthesurfaceofacertainlocationtoafinesinoothness.Yieldstresspat-
ternsmayberegardedasasimplesensorforthevisualizationofstress.
Besidescarbonsteel,stainlesss七eel,A1-Mgalloy,andothertypesofmaterialshow
yieldstresspatterns.Itispossibletovisuallyobservethea士)pearanceoftheelastic-
plasticstateonteststripsmadeofthesematerialsaswell.
3.TheConditionofPlasticZonesInducedonaNotchTip
3.1TheTestSpecimenandtheMethodofExperiment
Figure5displaystheshapeandthedimenSionsofthetestspecimen.』Thetotal
lengthofaJIS13Brectangulartensiontest.specimenwasmeasuredtobe200mm.
Asinglenotchwascutintothetestspecimen,asexhibitedinFigure5.Thenotch
hadadepthof』'a'andanotchradiusofO.05mm.AcommonmarketvarietyS50C
steelstripwasused.Tabelldisplaysthechemicalcompositionofthemateria1.
Thetestspecimenwasvacuum.annealedaftermachilleprocessing.Inordertoeasily
observetheappearanceofyieldstresspatternswiththenakedeye,thesurfacewasfin-
ishedtoafinesmoothnesswithno.2000emerypaper.Thesurfaceroughnessofthe
finishedteststripisrecordedinFigure6.TheRm町valueofthgsurfacetexturewas
determinedtobeO.1μm.
ThetensiletestwascarriedoutusinganInstron.typematerialtestingmachine.A
videocamera・wasusedto.makeaconti皿ousrecordingoftheyieldstress.stripes
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Fig・6P・・fil・fm・a…em・n艇hesu・fac-gh・ess・f・pecim・n
・pP・a・i・gi・th・vi・i・ity・fth・n・t・htip;th・d・tawererec・ ・d・d・t・m・g・ifi・a-
tionoften.Forthesak60fexpediencyinobservingthephenomena,thespeedof
thetest・machine'scross-headwassetatO.1mmperminute6).Astraingaugetype
ofgxtensometerwasusedtomeasurethedisplacementofthetestspecimen.Using
七〇rsiontestingequipment,observationwasmadeoftheconditi
.onofthenotchtip
wh・・t・・q・
.w・ apli・dt・th・test・pecim・・referr・dt・i・Fig・re5・
3.2TheYieldStressPattemsEngenderedfromaTensileLoad
ThedataofFigure77)indicatehow,inconjunctionwith.anincreaseintensile
load,yieldstresspatternsapPearedonthesurfaceinthevicihityofanotchtip.
TheyieldstresspatternsmutatedinthesequencefroM(1)to(6).InFigure7(1)
theyieldstresspatternsfirstappearatthenotchtipintiny.bud-shapedformations.
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Immediatelyafterfirstappearingtheyieldstresspattemsswellinacircularshape
lnproportlontotheincreaseintensileloaduntiltheyapPearasseeninFigure7(3)一
(6).Atthisstage,insteadofpropagatingatanevenspeed,theywereascertained
toprogressbytinyrepet玉tions.
OnecaninferfromtheyieldstresspattemsofFigure7(1)一(6)thattheyield
stressassociatedwithyieldpointelongationhastransformedpartoftheelasticre-
gionintoaplasticregion.Thusiti』apParentthataplasticregionhasbeen
broughtaboutinthevicinityofthenotchtipbyapplicationofatensileload.As
thetensileloadinthevicinityofthenotchtipincreasedaplasticregionapPearedin
theordergivenbyFigure7(1)一(6).Itwaspossibletomakecontinuousandunprob-
1ematicobservationoftheelastic-plasticstateswiththenakedeyebyobservingthe
yieldstresspatternsonthecarbonsteelstr玉p.Itwasthuspossibletomakevisual
observationofelastic-plasticstates.'
(1)
(4)
(2)
(5)
(3)
(6)
Fig.7Yieldstresspatternsatthenotchtipbytensileload
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3.3TheLoad-DisplacementDiagram
Figure8istheloadanddisplacementdiagramforthemomentwhenthedataof
Figure7wererecorded.InFigure8thelocations(1)一(6)correspondtothemoments
(1)一(6)inFigure7whentheplasticzonesappeared.Point(1)ofFigure8isthe
valueforthetensileloadandthedisplacementatthemomentwhentheplasticzones
appear.Thispointinthe・diagramappearswithintheregionwherethetensileload
isindirectproportiontothedisplacement.Point(1)inFigure8correspondstoa
tinystretchwithintheelasticzoneofFigure7(1)thathastransformedintoaplas-
ticzone.Itisverydifficulttoascertainthetensileloadscorresponding'topoint(1)
inFigure8byetchingorsomeotherexperimentalmethod.However,byvisualobser-
vationonthebasisofyieldstresspatternsitisveryeasytoascertainthetensile
loadatwhichplasticzoneswillbreakoutfromplacetoplacewithintheelastic
zone.ByusingFigure7inconjunctionwith.Eigure8itispossibletoascertainthe
stresscorrespondingtotheshapeanddimensionsofaplasticzoneappearingona
Fig.8Load-displacementdiqgram
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teststrip.Thustherelationoftheshapeanddimensionsofaplasticzonetoload
isacruciallyimportantdatumaboutthestressatanotchtip.
3.4TheWidthofthePlasticZone
Figure9wasobtainedbyapplyingatensileloadtoanotchtipandcollatingtheex-
perimentallymeasuredwidthsoftheplasticzonesthatappearedtherewiththe
tensileloadP.Thedepthofthenotchwas2.1mm.Itwasascertainedthatasthe
t・n・il・1・adi…eases・th・width・fth・pl・・ticz・n・increa・es・Th・f・ll・wi・g「eg「es-
sionequationwasobtainedbymakingaregression.analysisoftheexperimentally
measeredvalues:
rp=0.664P-7.71(1)
InthisequationPismeasuredinunitsofkNalldrpismeasuredinmillimeters.
ThedottedverticallinerecordedinFigure9representstheregressionequation,while
thecurvedlineaboveandbelowitrepresentsa95%confidencelimitforthatequa-
tion.
Itwa・p・ssib1・t・ascert・i・th・width・fth・p1・ ・ti…n・inrel・ti・n『t・1・adby
meansofafiniteelementanalysis.Theresultsareexhibitedbythephantomlinein
Figure9.Ifthevalueforthewidthoftheplasticzoneissmallonemayassume
thattheexperimentallymeasuredvalueisthesameasthevalueobtainedbyfiniteele-
mentanalysis.
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3.5TheShapeofthePlasticZone
TheshapeoftheplasticzoneofFigure7(4),asascertainedbyvisualobservation
oftheyieldstresspatterns,resemblestheplasticzoneasdisplayedbyetchinginthe
scholarlyliterature8).Figure10resultsfromcombiningthelocusofthevonMises
criterionwiththevalueKlfortheshapesoftheplasticzonesinFigure7(3).The
experimentallyascertainedplasticzonesandtheloCationsoftheyieldcriterioncon-
・ect・dbythecurv・d
、1i・・are1・・at・db・tween(b).th・planestressst・t・apd(・)th・
Planestrainstate.
Fig.10Plasticzoneshape輌nrelationtothelociofthevonMisesyieldcriterion")
3.6TheYieldStress.PattemsEngenderedfromTorque
Figurellisanexampleofthecontinuousdatathatareobtainedwhenyield
stresspatternsarebroughtaboutbytheapplicationoftorquetoanotchtip.When
theyieldstresspatternsfirstbreakouttheyhavetheshape-offlametipsandgrow
inthedirectionofthenotchtip.Whenthetorquereachesarelativelygreater
value,stripedpatternsthatappear.like e.patte nsinFigure11(5)emergeand.
propagatetowardtheverticalaxisofthe.testspecimen.Figure12isthetorque-
angulardisplacementdiagramforthemomentwhenthedataofFigurellwere
recorded.ThenumbersinFigure12correspondtothenumbersinFigure11.Theex-
perimentalresultsgiveninFigure121endadditionalsupporttotheconclusionthat
thestripedpatternsofFigurellareengenderedfromyieldstress.
28
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(1)
(4)
(2)
(5)
(3)
Fig・11Propagationoftheyieldstresspatternsinthenotch-tipregion
whensubj㏄tedtotorque
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4.Conclusions.'
Yieldstresspatternscanbeu'sedasavisllalyieldstresssensor.
.Inordertouse
yi・1d・tres'Sp・tt・rn・a・a・en・…n・'need・nlyp・1i・hth・1・ ・ati・n・t・b・investig・t・d
toafinesmoothness.Yieldstresspatternsprovideanextremelyeasymeansto.de-
tectstress.Ithasbeenconfirmedthatyieldstresspatternscanbeusedtoanalyze
stressbymeansofdirectobservationofelastic-plasticstates.
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